Early successes in identifying and targeting individual oncogenic drivers, together with the increasing feasibility of sequencing tumor genomes, have brought forth the promise of genomedriven oncology care. As we expand the breadth and depth of genomic analyses, the biological and clinical complexity of its implementation will be unparalleled. Challenges include target credentialing and validation, implementing drug combinations, clinical trial designs, targeting tumor heterogeneity, and deploying technologies beyond DNA sequencing, among others. We review how contemporary approaches are tackling these challenges and will ultimately serve as an engine for biological discovery and increase our insight into cancer and its treatment.
Introduction
Cancer is a disease of the genome, and major strides have been made in our understanding and treatment of this heterogeneous collection of diseases, beginning with the initial identification of oncogenes and tumor suppressor genes to the development of the first generation of targeted therapies and culminating in the full annotation of the genomic landscape of the most common cancer types (Kandoth et al., 2013) . Much of this progress can be traced to technological advances in sequencing, from capillary-based sequencing technologies to the modern massively parallel sequencing of today, collectively known as next-generation sequencing. These advances have enabled the routine genomic study of every tumor at the point of care and will redefine clinical management and translational research in transformative ways. Detailed genomic characterization of tumors is already driving the definition of a new taxonomy of human cancers that will, ultimately, complement current histology-based classifications (Hoadley et al., 2014) . Routine genomic profiling will also improve prognostication of clinical outcomes, as has already been achieved with human epidermal growth factor receptor-2 (HER2) amplifications in breast cancer and mutations in FLT3, NPM1, KIT, and CEBPA in acute myelogenous leukemia. The farthest reaching consequence of routine tumor profiling, however, will be the identification of genetically driven tumor dependencies and vulnerabilities that will lead to the further development of precision therapies and combinatorial treatment approaches. In fact, as a preview of this concept, there are already a plethora of genomic alterations for which targeted therapies have been approved.
Although the promise of such progress is immense, there are many obstacles to broad implementation of genome-based cancer care. These challenges are both practical and scientific. Soon, all cancer patients will have the opportunity to obtain detailed genomic profiles of their tumors, but this is only the first and perhaps easiest step. How do we differentiate between therapeutically actionable alterations and biologically neutral passenger changes? How do we manage and prioritize the biologic credentialing of the large number of novel alterations now routinely identified through prospective tumor genomicscreening programs? How can we utilize genome-driven clinical trials to accelerate the biologic investigation of incompletely characterized alterations now that they are routinely being identified in patients receiving ongoing care? What strategies will be most effective in engendering prolonged response to targeted therapy and mitigating the consequences of tumor heterogeneity and acquired resistance? How do we ensure that our ever-expanding knowledge of the cancer genome and the therapeutic vulnerabilities encoded therein are shared among the biomedical community in a manner that maximizes further discovery? What depth and breadth of genomic characterization of each cancer type will be required, and how do we incorporate technologies in the clinic beyond DNA sequencing? How can we improve the efficiency of genomic hypotheses testing in the clinic, and how do we ensure we are learning the most we can from each treated patient? Finally, how do we target mutations that individually occur rarely but, in aggregate, affect a large proportion of the cancer population? Here, we review how contemporary approaches in precision oncology are beginning to address these key challenges and, in so doing, serve as an engine for biological discovery that will ultimately increase our insight into this complex set of diseases.
At the outset, we recognize that as with any new field of science and medicine, a diversity of views on the value of this approach is inevitable. The emerging field of precision medicine is no different, and some authoritative voices have raised appropriate concerns (Tannock and Hickman, 2016; Voest and Bernards, 2016) . First, it has been pointed out that despite the immense complexity of the task at hand, there is a lack of much-needed collaboration among cancer institutions, and even in those situations in which tumor sequencing takes place, there is a low rate of patient participation in genomically matched trials. There is truth in this concern, and later on in this review, we will touch on some ongoing collaborative initiatives that are precisely aimed at addressing the current fragmentation of efforts and inefficiency in clinical trials participation. Another far more serious criticism questions whether this approach will work at all to begin with (Tannock and Hickman, 2016) . In support of this view, one recently published randomized trial (the SHIVA study) found equivalent outcomes when patients with multiple tumor types were randomized to receive genomically matched versus conventional therapy (Le Tourneau et al., 2014) . This study was designed to explore the off-label use of marketed drugs in a variety of unvalidated genomic alterations in multiple tumor types and provides good evidence of the inadequacy of legacy clinical trial paradigms for evaluating genome-driven medicine. The study was underpowered, the genomic alterations had not been validated as optimal targets, and the therapies used were not best in class but rather commercially available agents. For example, any alteration present in the PI3K/AKT/mTOR pathway led to treatment with the mTOR inhibitor everolimus despite the fact that there is strong evidence that PTEN deletions and PI3k/AKT mutations do not confer sensitivity to this agent. Our reaction, therefore, to this type of study is that the complexity of genomically driven oncology strongly argues that more narrowly focused studies that ask questions about specific genomic alterations or drugs rather than large randomized studies attempting to evaluate the entire approach will yield the most informative data.
In short, we believe that both the underlying science and early clinical successes of precision oncology support an optimistic viewpoint, and although we acknowledge the significant challenges that lay ahead, we have strived here to present a critically self-reflective but solutions-focused perspective on the field.
The Current and Emerging Clinical Landscape of Precision Oncology
Limited genomic data are already being used to guide diagnosis, inform prognosis, and support treatment decisions in a variety of cancers. The pioneering example of molecularly driven cancer medicine was the development and use of the kinase inhibitor imatinib for the treatment of chronic myelogenous leukemias (CML) that harbor the BCR-ABL1 balanced chromosomal translocation (Druker et al., 2006) . For patients with this previously lethal form of leukemia, imatinib has dramatically improved their outcomes to the point that the survival of CML patients is now nearly identical to that of the general population (Bower et al., 2016) . Similarly, the advent of HER2-targeted therapies for the treatment of women with newly diagnosed metastatic HER2-positive breast cancer has radically changed the outcome of what was until recently the most lethal form of breast cancer. A woman diagnosed with metastatic HER2-positive breast cancer can now anticipate a median survival of almost 5 years through the use of state-of-the-art dual-HER2 blockade compared to just 20 months prior to the advent of these therapies (Slamon et al., 2001; Swain et al., 2015) . Moreover, the addition of HER2-directed therapy to routine chemotherapy for patients with early-stage HER2-positive breast cancer has improved cure rates by 35%-50% (Piccart-Gebhart et al., 2005) .
From these early breakthrough therapies to today, cancer patients are benefiting from a diverse array of therapies targeting genomic somatic aberrations in their tumors, including amplifications, gain-of-function mutations, and structural rearrangements, as well as germline loss-of-function mutations in at least 11 different genes arising in 10 different cancer types (Table 1) . These therapies have not only transformed the lives of many patients but also provided a powerful validation of the approach of precision cancer medicine. Individual genomic findings are also used to forgo therapies that are unlikely to result in clinical benefit, such as KRAS, NRAS, and BRAF mutations in colorectal cancers that would otherwise receive anti-epidermal growth factor (EGFR)-targeted therapies (De Roock et al., 2010) . These approved targeted therapies, administered on the basis of genomic observations in patients, represent a new era in cancer therapy. In fact, genomic profiling in some form is now required for the appropriate clinical management of a variety of tumor types, including melanoma, gliomas, some sarcomas, as well as carcinomas of the lung, breast, thyroid, ovary, and colon.
How then will ever-larger-scale prospective sequencing efforts further advance our field? We propose that emerging evidence indicates that a widespread implementation of prospective next-generation sequencing will be transformational at several levels. Large-scale sequencing studies have demonstrated that nearly all of the genomic alterations currently used to guide the selection of targeted therapy within specific disease contexts also occur across a variety of other cancer types, albeit typically at low frequencies (Chang et al., 2016; Kandoth et al., 2013) . Targeting these clinically validated predictive biomarkers in a wider array of tumor types, therefore, is an opportunity to immediately extend the benefits of precision oncology to a broader population of patients and has been a major focus of recent clinical development efforts. Evidence is growing that this approach will work for at least some genomic alterations, but in a context-and tumor-dependent fashion. For instance, BRAF V600 mutations are found in approximately half of cutaneous melanomas, and the use of RAF and MEK inhibitors in these patients has been shown to improve survival, leading to the approval of four drugs targeting this pathway (Robert et al., 2015) . However, nearly two-thirds of all BRAF V600 mutations occur in non-melanoma cancers, suggesting that this therapeutic strategy may be applicable to a much larger number of patients. Clinical trials have been conducted in tumor types in which the overall incidence of BRAF V600 mutations is sufficient to conduct disease-specific studies. These efforts have already identified clinical activity of these inhibitors in lung cancer, hairy cell leukemia, and thyroid cancer (Brose et al., 2016; Planchard et al., 2016; Tiacci et al., 2015) . Testing the efficacy of targeting BRAF V600 mutations in the broad array of cancer types that uncommonly harbor this alteration has been far more challenging and spurred the development of new clinical study paradigms. One increasingly important approach to treating patients with rare genomic variants has been the use of multiple-tumor-type, genomically selected ''basket'' studies. These studies revisit the tumor type as the traditional organizing principle of a clinical trial and instead group patients by the genomic alterations present in their tumors, thereby reflecting an increasingly accepted reclassification of human cancers not based on the organ of their origin but instead on the molecular abnormalities that drive their growth and progression (Hoadley et al., 2014) . In this way, patients whose tumors harbor the qualifying genomic alterations are eligible for treatment regardless of cancer type. Tumor types anticipated to have a sufficient prevalence of the alteration(s) of interest are enrolled to their own ''basket,'' whereas all other patients are grouped in a remaining ''all-comers'' cohort. These studies recognize that response may be conditioned by the disease context in which the genomic alteration arises and therefore analyze efficacy independently for any tumor type that enrolls a sufficient number of patients. A variety of statistical designs have been utilized in these basket studies, and these approaches have been continuously iterated with each successive generation of studies (Cunanan et al., 2016) . In doing so, basket trials have become a very efficient means of generating clinical efficacy datasets across a broad variety of tumor types treated with therapy targeting shared genomic alterations. The early results of these studies have already begun to change clinical practice. In the case of BRAF V600, we recently completed a basket study that is expected to lead to regulatory approval of the BRAF inhibitor vemurafenib in several additional tumor types, including a group of rare disorders collectively known as histiocytoses for which no active therapies were previously available (Hyman et al., 2015a) . A similar basket study approach was undertaken to determine the efficacy of the poly-ADP-ribose polymerase (PARP) inhibitor olaparib in various solid tumors harboring loss-of-function germline BRCA1 and BRCA2 alterations. This study led directly to the first regulatory approval of a PARP inhibitor for women with germline BRCA1/2-associated ovarian cancer, as well as initial proof of efficacy in prostate and pancreas cancer (Kaufman et al., 2015) .
Expanding the Druggable Genome
Expanding the use of therapy targeting previously validated genomic biomarkers in a larger set of tumor types is only the first step in broadening the utility of precision oncology. Maximizing the potential of genome-driven oncology will require understanding the clinical significance of a much broader set of potentially actionable alterations, both within specific tumor types and in a tumor-agnostic manner for targets where actionability is not conditioned by tumor lineage.
The successful targeting of BRAF and PARP in multiple tumor types suggests that targeting even rare genomic alterations independent of tumor type may be applicable to other driver genes as well. There are more than 30 promising genomic targets today (Table 2 ). This list is only a first iteration of a continuous process, and we anticipate the number of targets will continue to expand at a vibrant pace, although the final number of gene targets is difficult to predict. The cumulative work establishing these targets has already markedly increased the fraction of patients who are now believed to harbor at least one potentially actionable genomic alteration (Figure 1 ). Unlike the more common genomic alterations described above, however, many of these emerging targets are rare across all tumor types. An example of this phenomenon is the activating E17K mutation in AKT1, which leads to its pathologic localization to the plasma membrane, causing constitutive downstream signaling of the PI3K-AKT-mTOR axis (Carpten et al., 2007) . AKT1 E17K is found in 3% of cases of breast cancer and is even less common in endometrial, ovarian, cervical, lung, colorectal, and prostate cancers, as well as several additional tumor types (Bleeker et al., 2008) . No single tumor type has a sufficient prevalence of AKT1 E17K to allow for a traditional disease-focused drug development strategy. Instead, and like BRAF before it, this AKT1 mutation is especially well suited for clinical hypothesis validation within a basket study. Indeed, AKT inhibitors have recently shown marked efficacy in AKT1 E17K-mutation-positive solid tumors in a basket study, and clinical development is now progressing toward regulatory approval (Hyman et al., 2015b) . Similarly, a basket study of the pan-HER kinase inhibitor neratinib in solid tumors harboring activating mutations in ERBB2 and ERBB3, which also occur infrequently across a large number of cancer types, has reported promising preliminary results (Bose et al., 2013; Hyman et al., 2016) . However, unlike AKT1, where the vast majority of activating mutations occur at a single allele, activating mutations in ERBB2 are distributed throughout the extracellular, juxtamembrane, and kinase domains of the gene encoding for the transmembrane HER2 tyrosine kinase receptor. Thus far, more than 10 recurrent missense mutations, in addition to various insertions and even rarer in-frame fusions, have been described. Moreover, the pattern of ERBB2 mutations varies by tumor type (Chang et al., 2016) . Consequently, responses to HER2-targeted therapy in ERBB2-mutant tumors may be dependent, in part, on potential differences in function of each mutation, as well as each variant's sensitivity to pharmacological inhibition with a specific inhibitor. Indeed, the unique biochemical properties of individual genomic variants within the same gene have been a recurrent observation across oncogenes such as BRAF and KRAS, as well as tumor suppressors such as TP53 (Halevy et al., 1990; Karnoub and Weinberg, 2008; Yao et al., 2015) . These genomic nuances add significant complexity to the interpretation of genomic data and clinical decision making. Furthermore, as with the basket studies mentioned above, responses can be conditioned by the tissue of origin, and this must therefore be taken into account. Given the multitude of factors that can condition response to therapy, larger studies that enroll sufficient numbers of patients with different mutant alleles and tumor types are necessary to reach definitive conclusions regarding such intricacies.
Additional strategies exist to expand the druggable genome beyond the targeting of individual gain-of-function missense variants. There are increasing efforts to target a growing number of kinase fusions in various cancer types. As first exemplified by BCR-ABL1 in leukemia, targeting structural rearrangements resulting in constitutively activated kinases can lead to dramatic efficacy and has become a renewed focus of precision oncology. The percent of patients by cancer type harboring a biomarker that, at present, guides the use of either FDA-approved or standard-of-care therapies (open circles) compared to the fraction of patients in the same tumor type harboring a genomic alteration with compelling clinical evidence that it predicts response to a drug but neither the genomic biomarker nor the drug are standard-of-care yet in that indication represented by an arrow.
Drugs targeting kinase fusions involving ALK, ROS1, ABL1, PDGFRA, and PDGFRB have already transformed the care of patients with lung cancer, leukemia, and sarcoma. The increasing adoption of DNA-and especially RNA-sequencing technologies capable of detecting dozens of known and novel kinase fusions have demonstrated that these genomic events are more common and implicate a larger number of kinases and tumor types than previously recognized (Stransky et al., 2014) . As a result, ongoing studies are already evaluating targeted therapy in additional sets of fusions involving RET, FGFR1, FGFR2, FGFR3, NRG1, BRAF, RAF1, NTRK1, NTRK2, NTRK3, and PRKCA across a diversity of cancer types (Drilon et al., 2016b; Tabernero et al., 2015) . In fact, preliminary data from studies targeting these novel kinase fusions suggest that the rate and depth of response as well as the diversity of tumor histologies that will be sensitive may be greater than for many of the current clinically credentialed missense mutations. As mentioned, we have been particularly struck by the greater magnitude of responses observed when targeting many of these ''fusion gene targets'' and speculate that these difficult-to-acquire genomic alterations may indicate a higher level of oncogenic dependency on these complex lesions. For instance, fusions involving the neurotrophic receptor tyrosine kinases (NTRK1, 2, and 3) occur in approximately 0.5% of diverse solid tumors and hematological malignancies, for which NTRK inhibitors have demonstrated nearly uniform response (D.S. Hong et al., 2016; AACR Annual Meeting abstract; Vaishnavi et al., 2015) . As a consequence of these impressive early clinical results, the US Food and Drug Administration recently granted Breakthrough Therapy Designation to one of these agents for the treatment of any solid tumor harboring an NTRK-fusion transcript, regardless of cancer lineage (Loxo, 2016) . We are, therefore, finally on the verge of seeing a genomically targeted therapy approved and used based solely on the presence of a genomic alteration, regardless of the tumor type in which it arises. Similar data have emerged from studies of selective fibroblast growth factor receptor (FGFR) inhibitors in FGFR2/3 fusion-positive cancers, including cholangiocarcinomas, bladder cancers, and gliomas (Tabernero et al., 2015) . Although these results targeting kinase fusions are exciting for the field, they raise a key challenge. Many of these gene fusions are also present, and sometimes enriched, in pediatric cancers for which optimal available therapies are lacking. Historically, targeted drug development in pediatrics has lagged beyond that for adults, and pediatric patients have become a sadly underserved population when it comes to precision medicine. To begin to address this deficit, we have recently had success progressively lowering the minimum permitted age in several genomically driven studies, a change prompted by the dramatic responses observed in adults and the enthusiastic support of health regulators.
Navigating Biological Complexity in Precision Oncology
Credentialing Therapeutically Actionable Mutations The shift toward larger panel and whole-exome sequencing has led to the identification of increasing numbers of somatic mutations in potentially actionable cancer genes, the vast majority of which lack biological or clinical validation. This knowledge gap significantly impairs our ability to fully utilize data generated by prospective profiling to guide patient care and to implement comprehensive precision-oncology programs. To begin unraveling the biological complexity of both common and rare alleles, we must create a systematic framework to catalog genomic alterations and characterize their frequency within and across cancer types. Large-scale consortia efforts such as The Cancer Genome Atlas have provided a vital first step but have predominantly studied primary untreated tumors, and of the 33 unique cancer types profiled to date, only 9 qualify as rare tumors (http://cancergenome.nih.gov/). On the other hand, prospective clinical sequencing initiatives reflect a greater diversity and distribution of cancer types seen in patients with advanced disease, the group most in need of new individualized treatment strategies (Hyman et al., 2015c) . Moreover, many of these samples are collected after the tumors have been exposed to prior therapies and therefore possess mutations that only arise upon selective therapeutic pressure, such as activating mutations in ESR1 (the gene encoding for the estrogen receptor [ER] ) in patients with ER-positive advanced breast cancers that have progressed after anti-estrogen therapies (Toy et al., 2013) .
Assembling large representative databases of clinically sequenced cancers is only the first step toward saturating the discovery, and eventual clinical validation, of actionable variants. The next step is the development of a mutational taxonomy that classifies each aberration on the basis of its abnormal function and druggability. To this end, computational frameworks have been developed for analyzing large-scale sequencing data in order to identify individual positions and genes recurrently mutated, both within individual tumor types and across cancers, more often than expected in the absence of selection (Chang et al., 2016; Lawrence et al., 2014) . Such statistically principled approaches that operationalize different facets of how mutations, both driver and passenger, accrue in cancer genomes will become increasingly necessary as the community aggregates larger datasets where repeated observations of even passenger alterations are expected. These early efforts have begun to bear fruit, identifying previously uncharacterized and potentially druggable variants, and have the potential to significantly expand the proportion of patients that may benefit from precision-oncology approaches. For instance, a recent analysis of PIK3CA hotspots in more than 11,000 sequenced tumors identified not only the well-characterized helical and kinase domain mutations E545 and H1047 but also 16 additional statistically significant recurrent alterations (Chang et al., 2016) . These additional hotspots accounted for 32% of all the PIK3CA mutations observed in the overall cohort, potentially significantly expanding the number of patients eligible for inhibitors targeting this pathway. It remains unknown when, as a community, we will saturate the detection of rare recurrent mutations in PIK3CA and other clinically actionable genes such as ERBB2, EGFR, and MET. Such efforts will also help the basic and translational cancer research community to prioritize biologic investigation or novel variants and, in doing so, facilitate new target discovery.
Novel allele prioritization is necessary, but not sufficient. The mutational diversity in already therapeutically actionable genes is profound and, in many cases, may reflect differences in phenotype that translate into unique pharmacologic dependencies that in silico approaches alone cannot capture reliably.
For example, BRAF V600 is among the most common somatic mutations in cancer and results in a constitutively active oncoprotein that signals as a RAF monomer (Davies et al., 2002) . Consequently, BRAF V600 is sensitive to RAF inhibitors that preferentially bind activated RAF monomers (Bollag et al., 2010) . Conversely, less frequent but recurrent BRAF variants including K601, L597, and G469 similarly lead to constitutive BRAF activation but signal primarily as homodimers and are insensitive to pharmacologic inhibition with first-generation RAF inhibitors (Poulikakos et al., 2011; Yao et al., 2015) . Still other BRAF mutations such as V599 and G465 impair BRAF kinase activity but appear to activate MEK through RAS-dependent mechanisms (Wan et al., 2004) . Finally, the impact of many other BRAF mutations, including many occurring outside of the kinase domain, on RAF/RAS signaling are still uncharacterized. Computational approaches alone cannot yet reliably predict the class to which a previously uncharacterized BRAF variant belongs and therefore cannot be used to guide selection of pharmacologic therapy. Moreover, purely genomic approaches do not account for signaling pathway cross-talk and feedback mechanisms that cloud simple genotype-drug response relationships but are responsible for clinically important observations such as the lack of response of KRAS mutant tumors to MEK inhibitors.
How then do we begin to capture at scale these nuances among an enormous number of as yet to be tested alleles? Interrogating each of these experimentally is time prohibitive. Conversely, techniques that facilitate rapid biochemical characterization of large numbers of individual genomic variants simultaneously have been developed to address this need Kitzman et al., 2015) . Utilizing recent advances in synthetic biology, these massively parallel functional genomic approaches use high-throughput methodologies to characterize the preliminary function of nearly all possible missense mutations within target genes or pathways of interest. Work is now underway using these methods to build large catalogs of the biochemical properties of thousands of individual missense mutations. This approach is exemplified by a recent report on the phenotypic characterization of a comprehensive set of MAPK1 (ERK2) missense mutants (Brenan et al., 2016) . Employing saturation mutagenesis using a DNA synthesis-based approach (mutagenesis by integrated TilEs; Melnikov et al., 2014) , these investigators were able to screen 6,810 of 6,821 possible (99.84%) MAPK1 missense mutants for gain and loss of function, as well as drug sensitivity. This screen confirmed that previously identified recurrently mutated alleles such as MAPK1 E322 were gain of function but, importantly, also identified other candidate functional alleles that are not yet known to be recurrent in existing tumor-sequencing databases. Soon, these technologies will mature such that mutations can be studied in high throughput in vivo and test a broader panel of molecular and biochemical phenotypes. This high-throughput strategy for allele prioritization can then be followed by traditional functional genetic studies of greater depth using a variety of modern molecular biology techniques, including CRISPR gene editing.
Although it is clear that a combination of multiple approaches are necessary to scale up the generation of essential preclinical data of a large number of candidate alleles, those efforts are primarily focused on exploring individual alleles in isolation. However, this is not typically how these alleles arise in patient tumors. Indeed, one of the open questions in precision oncology is how best to intervene therapeutically in patients whose tumors present with multiple actionable mutations. To complicate things further, the tumor microenvironment may also dictate how a particular patient will respond to therapy targeting a specific genetic alteration. For example, in colon cancers, but curiously not in other tumor types, inhibiting BRAF V600 is partially reversed by abundant EGF in the microenvironment, which activates a bypass pathway (Prahallad et al., 2012) . Ultimately, this dependency framework will be necessary to guide rational drug combinations, as well as to prioritize targeting of one of potentially multiple alterations in genomically complex tumors.
A New Model for Accelerated Clinical Testing
The scale and potential biological complexity of still uncharacterized genomic variants may not be addressable through traditional clinical testing paradigms. The absence of detailed biochemical profiling of each genomic alteration is also a principal challenge to physicians trying to incorporate somatic mutational data into novel treatments for patients with advanced cancers and in need of such therapies. Biomarker development has historically proceeded from basic target discovery to biologic validation, culminating in clinical testing. Although this process has supported significant advancements, the time necessary to validate each target in this manner is impractical for many of the aforementioned reasons. In a reversal of fortunes, the clinical validation of a target is now frequently occurring prior to its full biological and functional characterization in the laboratory. We have begun to demonstrate that genome-driven clinical trials designed to evaluate laboratory-derived hypotheses can also be used to biologically credential new targets that have not undergone extensive biologic investigation, thus accelerating drug development (Figure 2 ). In this model, clinical studies can become platforms for exploring the functional consequences of novel genomic alterations detected in the same patient populations. Such studies can inform laboratory studies that, in turn, refine our understanding of the role these genomic aberrations play in disease pathogenesis, drug response, and resistance. Although unconventional in approach, many of the patients currently having their tumors genomically profiled are heavily pretreated and have no remaining standard therapeutic options. What level of evidence supporting the actionability of a potential genomic target should be required in this setting? A proof-of-principle of this approach was recently undertaken in a heavily pretreated patient with breast cancer with an ERBB2 L869R mutant tumor treated on a basket study with an ERBB2 tyrosine kinase inhibitor (neratinib) for solid tumors harboring ERBB2 mutations (ClinicalTrials.gov, NCT01953926). At the time, this patient's tumor was identified as harboring an ERBB2 mutation; this particular variant was not known to be recurrent and had not been functionally characterized. However, it was noted that the ERBB2 L869 allele is paralogous to EGFR L861, a known activating EGFR mutation that is sensitive to EGFR tyrosine kinase inhibitors . Moreover, computational and three-dimensional modeling of ERBB2, EGFR, and the paralogous residue mutations predicted a similar constitutively activating signaling phenotype. On the basis of these findings, as well as the absence of standard therapeutic options for the patient, she was enrolled onto the study and ultimately achieved a partial response lasting for more than 1 year . In addition to the significant benefit afforded this patient, this response simultaneously provides valuable insight into the biologic function of the novel L869R allele.
In the absence of comprehensive biochemical profiling of all possible mutations in commonly mutated oncogenes, it is essential that we establish principled approaches for analyzing novel variants in this way to determine whether and how they should be acted upon. Under this model, computational frameworks that combine analysis of statistically significant recurrence, sequence paralogy, and protein structure can be useful if applied judicially and when there are no more-definitive biologic data. Stakeholders, including physicians and their patients, must then decide whether the predictions generated by these multifaceted analyses, which cannot replace biologic validation, provide sufficient preliminary evidence to justify acting on them. This assessment must necessarily take into account the alternative treatment options available, to the extent any exist, as a greater degree of speculation may be appropriate in patients with no alternative evidence-based options. The goal here is to direct these patients to clinical studies that will collect and report treatment outcome in a way that contributes to the overall knowledge base while at the same time offering a real possibility of clinical benefit. Responses in this setting are essential clinical evidence that, even when anecdotal, can prompt extensive biological exploration of a given allele using traditional molecular biology techniques, studies that might also be performed in parallel to clinical testing via a co-clinical trial approach. Although these responses can be extremely informative, the absence of response cannot similarly be taken as conclusive evidence of the absence of biologic function and, therefore, should not a priori stifle further biologic evaluation of novel alleles.
The approach of enrolling patients with candidate but incompletely characterized genomic drivers can be paired with other study best practices, including generation of advanced models such as organoids and patient-derived xenografts, that can be used to further explore basic biology (when paired to the clinical outcome) from the patient who contributed the sample. Moreover, these patient-derived models permit us to study not only the initial response phenotype but also the adaptive signaling responses that underlie these outcomes. Managing Tumor Heterogeneity and Acquired Resistance Tumors and the potentially therapeutically actionable mutations that drive them evolve constantly from an ancestral cell and as a function of therapy, resulting in both temporal and spatial genomic heterogeneity (Gerlinger et al., 2012) . Next-generation sequencing has transformed our understanding of intratumoral heterogeneity, and this phenomenon has been implicated in both the development of acquired resistance and lesion-specific differential response to targeted therapy (Diaz et al., 2012; Misale et al., 2012; Russo et al., 2016) . Despite this, the degree to which this tumor heterogeneity will ultimately impact the utility of genome-driven oncology remains unclear.
From a therapeutic perspective, the early truncal mutations that are essential oncogenic drivers are typically shared by all sites of disease, even in patients with advanced and heavily pretreated cancers, a fact that may mitigate some of the potential consequences of intratumoral heterogeneity. As an example, BRAF V600 mutations first arise in dysplastic nevi before they progress to malignant melanoma and remain as a key tumoral dependency despite the marked genomic heterogeneity characteristic of melanomas as a result of UV-induced DNA damage. Nevertheless, therapy targeting even a truncal mutation will still alter the cellular milieu as the incumbent oncogene-addicted clone is depleted, facilitating a permissive environment for the outgrowth of cellular populations that were previously less fit. 
. Approaches to Novel Target Validation
Discovery of a novel target is traditionally followed by biologic validation before proceeding with clinical credentialing. This ''monogenic'' lowthroughput process involves evaluation of one genomic alteration at a time. Next-generation sequencing at the point of care now routinely identifies novel genomic alterations in patients who are in need of new treatment strategies and cannot wait for initial biologic validation. In a ''polygenic'' high-throughput model, novel genomic alterations observed in patients undergo an initial prequalification using a computational framework that considers allelic recurrence, paralogy, structure, expression, and gene dosage to evaluate the likelihood of clinical relevance. Patients whose tumors harbor qualifying alterations that are identified as potentially activating can then be enrolled in genome-driven clinical trials and the responses observed, potentially providing initial clinical credentialing before biologic characterization. In this model, clinical studies become platforms for exploring the functional consequences of novel genomic alterations detected in the same patient populations.
Hence, under the pressure of selective targeted therapy, these initial subclonal genomic mediators of acquired resistance often become the dominant clone, as exemplified by the emergence of EGFR T790M in EGFR mutant non-small cell lung cancer patients treated with first-generation inhibitors (Hata et al., 2016) . Even in instances where more complex polyclonal resistance emerges (different co-existing cell populations driven by genetically distinct mechanisms of resistance), these alterations often converge on specific genes or pathways, suggesting that even these scenarios could be managed with drugs or drug combinations that target this evolutionary bottleneck (Juric et al., 2015) .
The eventual development of acquired resistance has, therefore, been a near universal observation with targeted cancer therapy. Although the individual mechanisms underlying this are varied, two are common-target reactivation due to secondary genomic alterations or activation of upstream effectors and pathway reactivation mediated by activation of downstream or bypass effectors. The recognition that resistance to targeted therapies is often mediated by secondary mutation of the drug target has already led to the development of drugs that maintain efficacy despite these tumor adaptations. Resistance to imatinib in BCR-ABL1 fusion-positive CML is driven almost entirely by secondary mutations in the drug-binding site, ATP-binding pocket, catalytic domain, and activation loop (Milojkovic and Apperley, 2009 ). Identification of these mechanisms has led to the development and subsequent approval of even more potent BCR-ABL1 tyrosine kinase inhibitors that maintain activity in the setting of various secondary mutations (Cortes et al., 2012; Saglio et al., 2010) . Similarly, second-and third-generation inhibitors targeting EGFR mutant and ALK fusion-positive non-small cell lung cancer have been successfully developed to manage on-target resistance (Jä nne et al., 2015; Shaw et al., 2014 Shaw et al., , 2016 .
Acquired resistance can also be driven by activation of bypass mechanisms via genomic alterations affecting upstream and downstream effectors and through pathway-independent mechanisms whose identification has uncovered biochemically important facets of key cancer genes and pathways. For example, the increased expression of the androgen receptor in castrate-resistant metastatic prostate cancers ultimately led to the discovery of their continued dependence on androgen signaling despite apparent resistance to androgen deprivation and first-generation antagonists. This insight ultimately led to the successful development of second-generation androgen receptor inhibitors (Chen et al., 2004; Scher et al., 2012) . Similarly, identification of new mutations in the ligand-binding domain of ESR1 in patients with ER-positive breast cancer treated with certain classes of antiestrogens led to the discovery that these mutations induce ligand-independent, ER-dependent gene transcription (Toy et al., 2013) . This, in turn, has led to the development of selective ER degraders . Recently, deletions of JAK2 and B2M were implicated in resistance to programmed death 1 (PD-1) checkpoint blockade in melanoma, alluding to the critical role these effectors may play in patients with regard to tumor-antigen presentation and immune surveillance (Zaretsky et al., 2016) . Undoubtedly, acquired resistance will impact every facet of precision oncology. This is not an indictment of the therapeutic approach but will require us to develop strategies to affect more durable responses in our patients. The identification of many of the aforementioned mechanisms of resistance has revealed novel biochemical and signaling phenotypes and demonstrated first principles of how multiple signaling pathways interact via cross-talk and feedback. As a result, drug combinations, when applied in a biologically rational and synergistic manner, can delay the onset of resistance (Baselga et al., 2012; Turner et al., 2015) . On the other hand, although preclinical modeling may nominate potential mechanisms of resistance, few of these mechanisms may manifest clinically in patients. This further emphasizes the importance of prospectively identifying the genetic alterations acquired with, or selected by, treatment in the clinic and in real time to focus biologic investigation. In this manner, acquired resistance is teaching us as much about underlying biological dependencies as is the identification of sensitizing lesions.
Data and Knowledge Sharing
Accomplishing our goals will necessitate data and knowledge sharing by the clinical and biomedical community. Indeed, the mutational heterogeneity and complexity of human cancers is greater than can be reflected by the data any single center or commercial lab can generate. Recognizing the critical importance of collaboration, early on our center developed an institution-wide genomics biospecimen protocol (ClinicalTrials.gov, NCT01775072) that includes a framework for genomic data sharing that can raise important privacy concerns (Hyman et al., 2015c) . The use of similar genomic biospecimen protocols has become a common feature of academic centers pursuing precision-oncology programs, and we view this as critical to the success of the field. Maximizing the utility of now federated genomic datasets will require not only consent for data sharing but also bioinformatic approaches to harmonizing variants generated by disparate sequencing platforms, each with their own unique tissue requirements, performance characteristics, and variant calling pipelines. To address this need, the American Association of Cancer Research (AACR) has launched Project GENIE (Genomics, Evidence, Neoplasia, Information, Exchange), which is developing a regulatory-grade registry that aggregates and links clinical sequencing data from tens of thousands of cancer patients treated at multiple international academic medical centers. Unlike commercial laboratories that have limited clinical annotation and no follow-up on the samples they receive, institutional datasets have longitudinal follow-ups that when aggregated are uniquely powered to answer previously unaddressed questions. For instance, EGFR inhibitors are currently approved for the treatment of non-small cell lung cancers with the most common mutational hotspots, including L858R and exon 19 deletions. Little is known, however, about less common EGFR variants (such as mutations in exon 18) and how they might similarly guide evidence-based prescribing practices for these widely available agents. Efforts to address this knowledge gap have been unable to aggregate sufficiently large numbers of patients. Project GENIE and related efforts are well suited to answer these outstanding questions and immediately expand the proportion of patients who receive and benefit from precision oncology. Other complementary public and private efforts, including the NIH Genomic Data Commons (Grossman et al., 2016) , the Global Alliance for Genomics and Health (Siu et al., 2016) , and Molecular Evidence Development Consortium (http://med-c.org/), are aggregating such genomic data to evaluate clinical utility. In fact, data sharing was a cornerstone recommendation of the Blue Ribbon Panel Report issued as part of Vice President Biden's Cancer Moonshot initiative.
Sharing data is only one piece of this puzzle. How do we similarly curate, standardize, and aggregate knowledge about the biological and clinical relevance of individual genomic alterations to guide principled clinical decision making in prospectively sequenced patients? The medical genetics community has long recognized the value of high-quality interpretations of individual genomic variants, which are relied upon to make definitive recommendations to patients involving complex issues such as cancer screening, risk-reducing surgery, and reproduction. To facilitate this decision making, this community has created a number of resources, most prominently ClinVar (https://www. ncbi.nlm.nih.gov/clinvar/) (Landrum et al., 2016) . To similarly systematically curate somatic variants, a number of clinical knowledge bases have been created, including OncoKB (oncokb.org), MyCancerGenome (mycancergenome.org), CIViC (civic.genome.wustl.edu), Cancer Genome Interpreter (CGI, cancergenomeinterpreter.org), CANDL (candl.osu.edu), and the Personalized Cancer Medicine Knowledge Base (https:// pct.mdanderson.org/). Like ClinVar, these knowledge bases have established levels of actionability and support community contribution with expert curation. Centralization, standardization, and timely updates of these critical data resources are necessary and could be catalyzed by a single national or international effort so that a single principled recommendation per variant can be democratized to any treating oncologist.
Next-Generation Sequencing in the Clinic
An essential pillar of precision oncology is ensuring that we identify, at the point of care and in every cancer patient, the genomic alterations on which the growth and progression of their diseases depend. A practical and technical challenge to implementing this paradigm has been the limited quantity and quality of tumor material typically available for testing. To establish an initial cancer diagnosis, patients often undergo only a small tumor core biopsy or fine-needle aspiration. A portion of this material is consumed for standard diagnostic evaluation. Moreover, nearly all surgical and biopsy specimens are fixed in formalin and may be stored for years in suboptimal conditions before they are utilized for profiling. Biopsies and surgical specimens are frequently mixed with stromal tissue, further limiting tumor content. These limitations in tissue quality and quantity make obtaining comprehensive whole-genome sequencing, whole-transcriptome sequencing, and phosphoproteomics impractical or even impossible for many cancer patients.
Despite these limitations, DNA enrichment and sequencing technologies have matured to the point where they can now generate reliable results on individual tumors within clinically meaningful time frames using small amounts of paraffinembedded tumor tissue. These approaches have varied from small gene panels that sequence only recurrently mutated ''hotspot '' positions (Meric-Bernstam et al., 2015) to targeted gene panels typically sequencing the entire coding regions of 50-500 genes (Hyman et al., 2015c) to whole-exome and -genome sequencing. Smaller hotspot-based panels, which typically utilize amplicon-based sequencing, miss many of the less common but potentially actionable alterations that in aggregate constitute the majority of genomic variants in cancer and, in addition, are not well suited for detecting copy-number alterations and structural rearrangements. Conversely, larger targeted panels, which typically utilize hybridization enrichment, can sequence the entire coding region of targeted genes, are capable of detecting copy-number alterations, as well as select structural rearrangements, and cover most, if not all, of the genomic targets for which there are currently drugs in clinical development. Importantly, these hybrid capture platforms perform well with small tumor specimens and provide sufficient sensitivity for the detection of actionable alterations in samples with low tumor purity. In addition, these panels can be easily expanded to include new genomic content as the actionable genome expands. Consequently, targeted gene panels using this technology have been favored by many of the high-volume academic institutions and commercial laboratories pioneering the use of this testing (Cheng et al., 2015; Frampton et al., 2013) . Although broader whole-exome sequencing provides the opportunity to detect recurrent alterations in genes not previously implicated in cancer, and is therefore useful for discovery, it requires more input DNA, typically offers lower coverage, and often has less sensitivity for structural rearrangements due to limited sequencing of intronic regions (Beltran et al., 2015) . Whole-genome sequencing similarly offers lower coverage and also remains cost prohibitive and therefore impractical for most patients. In the near term, these different approaches will continue to represent tradeoffs in terms of sequencing breadth, depth, and practicality of overall adoption. In weighing these tradeoffs, we believe that the rarity of promising genomic alterations currently dictates that clinical genomic profiling strategies be optimized to screen more patients using sufficiently broad targeted gene panels rather than fewer patients with even more comprehensive assays. Although even further from clinical implementation, single-cell DNA and RNA sequencing are also actively being investigated as a means of providing unprecedented resolution into the heterogeneity of each tumor, as well as its microenvironment (Tirosh et al., 2016) The increased sensitivity afforded by targeted next-generation sequencing has substantially improved our ability to identify known actionable alterations in patients and has also led to the discovery of new potentially druggable alterations. One recent example is MET splice site mutations, which promote MET exon 14 skipping that results in augmented MET kinase activity through loss of ubiquitin-mediated degradation and appear sensitive to MET inhibitors such as crizotinib (A. Drilon et al., 2016a ; ASCO Annual Meeting abstract; Peschard et al., 2001 ). These heterogeneous alterations, which are present in 3% of lung adenocarcinomas and rarely in other cancer types, can span 200 bases and are not easily detected by hotspot-based sequencing approaches (Frampton et al., 2015) .
Technical advances are now accelerating the development of genomic profiling strategies suitable for sequencing tumorderived cell free DNA (cfDNA) from plasma with high sensitivity and specificity. These assays combine deep targeted hybrid capture sequencing with the use of unique molecular identifiers that allow for the differentiation of sequencing artifacts from very low-allele-frequency mutations (Kivioja et al., 2011; Lanman et al., 2015) . The potential advantages of cfDNA, also known as a ''liquid biopsy,'' compared to tumor sequencing are many. Tumor biopsies are complex, invasive, and expensive, which precludes their widespread implementation and repeated use in patients. Conversely, cfDNA only requires a blood draw and can be repeated as frequently as clinically indicated with little risk to the patient. Furthermore, cfDNA sequencing may better capture the genomic heterogeneity of patient disease by detecting mutations that are both shared and private to individual tumor sites. cfDNA sequencing can also be used to monitor response to targeted therapy. In fact, real-time analysis of cfDNA may determine response to therapy within days of treatment initiation, as opposed to weeks with conventional imaging studies. As the sensitivity and specificity of cfDNA profiling improves, as does our ability to interpret the presence and biological significance of rare mutations in circulation, we envision the power of cfDNA being utilized as a screening tool to detect early-stage cancers, when the likelihood of cure would be far higher.
The Reach of Precision Oncology into the Germline: The Case for Integrated Testing
The growing compendium of germline polymorphisms established by large-scale projects such as the EXaC consortium (http://exac.broadinstitute.org/) has improved the ability to distinguish between somatic and germline variants in tumoronly prospective sequencing. Despite this progress, these databases are under-represented by individuals of non-European ancestry and do not entirely address private germline variations that are unlikely to be sufficiently captured without orders of magnitude of additional germline data, if ever. As a result, clinical tumor sequencing, where inaccurate variant classification could potentially lead to improper treatment selection, is increasingly utilizing patient-matched normal controls with the primary objective of distinguishing between germline and somatic variants. However, matched germline sequencing also facilitates simultaneous diagnosis of cancer predisposition syndromes that are themselves therapeutically actionable. Early evidence from large-scale clinical sequencing initiatives suggests a higher rate of pathologic germline variants in both adult and pediatric cancer patients than would be predicted from conventional germline screening guidelines based on personal and family history (Schrader et al., 2016; Zhang et al., 2015) . The utility of detecting germline mutations has been recently highlighted in prostate cancer, for which putative loss-of-function germline mutations in BRCA2, ATM, CHEK2, BRCA1, and PALB2 are found in nearly 12% of patients, a rate higher than expected (Pritchard et al., 2016) . Importantly, these genomic alterations are all potentially targetable with PARP inhibitors, as well as other inhibitors of DNA-damage repair or DNAdamaging agents. Similarly, defects in mismatch repair through germline, somatic, and epigenetic mechanisms may be targetable with immune checkpoint blockade and are readily detectable through tumor and matched germline sequencing . These findings demonstrate that combined tumor and matched germline sequencing not only improves the detection of somatic mutations but also simplifies comprehensive testing for cancer patients while further expanding the scope of actionable alterations. Moreover, although variants of unknown significance plague the clinical interpretation of most germline alleles, combined analysis with the corresponding tumor that reveals somatic loss of heterozygosity can implicate a germline variant of uncertain significance in the absence of functional data and perhaps inform therapy in advanced patients who otherwise lack treatment options. Therefore, such integrative analysis may provide insights that individual testing cannot capture.
A Future for Genome-Driven Oncology We have described a framework that can begin to successfully navigate the scientific challenges and broaden the scope and utility of genome-driven oncology. Equally important will be optimizing the way we evaluate the resulting genomic hypotheses in the clinic. Maximizing progress will require us to improve every step in the precision medicine ecosystem, beginning with how we sequence patients, identifying the best targets from this testing, notifying stakeholders, improving access to relevant clinical studies, and finally, making sure these studies are appropriately designed to advance the field.
The Hallmarks of a Precision-Oncology Study: Learning More from Each Patient
Clinical studies evaluating a genomic-driven hypothesis should be designed to learn from each case in an unprecedented way. To capture maximal information from each enrolled patient, precision-oncology studies should include, when possible, not only traditional clinical response evaluation but also the systematic analysis of patient-derived biospecimens and even potential clinical strategies to overcome adaptive or acquired resistance in real time (Figure 3) . We propose that the hallmarks of a modern precision-oncology study include four primary scientific objectives: identification of the target, confirmation of target inhibition, biologic credentialing of the target, and description of the mechanisms underlying acquired resistance. Collection and analysis of biospecimens should be organized around, and driven by, these key objectives. For example, pretreatment tumor and liquid biopsies should be used to confirm the presence of the target and define the broader genomic context in which it arises. Confirmation of target engagement and early adaptive responses to target inhibition can be evaluated by tumor biopsies obtained shortly after the initiation of treatment, when early compensatory feedback mechanisms that may modify treatment efficacy can be observed, potentially nominating rational combinatorial strategies. Target engagement can also be assessed through functional imaging studies, such as 18F-fluoroestradiol positron emission tomography (PET), or indirectly via analysis of circulating cfDNA, exosomes, and tumor cells. Biologic target validation can be greatly facilitated through generation of patient-derived xenografts or organoids at the time of tumor biopsy. As described earlier, the identification of mechanisms that result in de novo and acquired resistance in patients is critical and often requires comparative analysis of pre-and post-treatment tumor using a variety of experimental approaches, including DNA and RNA sequencing, phosphoprotein analysis, and immune profiling. Interrogating tumor-derived cfDNA from plasma can also identify the emergence of resistance at an early stage and identify clonal evolution as a response to therapy that may facilitate the addition of other agents or lead to a switch to alternative targeted agents entirely in order to prevent progression of disease (Dawson et al., 2013; Thress et al., 2015) . This approach can provide rapid clinical confirmation of underlying resistance mechanisms nominated by preclinical models even when treating small numbers of patients. The study of circulating tumor cells can be considered when key study-related biological questions require intact cells, and it can be visualized as a ''live liquid biopsy'' where cells can be interrogated in an unprecedented fashion (Yu et al., 2013) . Similarly, tumor-derived exosomes appear to contain not only DNA but also RNA, microRNA, proteins, and lipids from cancer cells and provide an opportunity for the non-invasive, multidimensional profiling of cancer (Hoshino et al., 2015) . The viability of this approach has been facilitated by techniques that selectively enrich for tumor-derived exosomes (Melo et al., 2015) . Finally, for those patients who ultimately succumb to their disease, rapid autopsy programs can provide invaluable insights as well as sustaining models to further accelerate drug development (Juric et al., 2015) .
Unexplored Facets of Sensitizing Biomarkers
Optimizing genome-driven oncology will likely demand that we move beyond simple classifications of biomarkers as being Shown are multiple facets of a modern oncology trial that not only refines a biomarker hypothesis in a scientifically principled manner but also can serve as an engine to drive new scientific discoveries. The hallmarks of a modern precisiononcology study include four primary scientific objectives: identification of the target, confirmation of target inhibition, biologic credentialing of the target, and description of the mechanisms underlying acquired resistance. Collection and analysis of biospecimens should be organized around, and driven by, these key objectives.
present or absent in a given patient. Additional facets of a genomic alteration, including absolute copy number, clonality, and zygosity, may condition its function or modify response to targeted therapy. Advanced analytical techniques, originally developed to generate precise estimates of subclonal heterogeneity, allele-specific absolute copy number, and zygosity from whole-exome sequencing, are now being scaled down to targeted sequencing data to address this unmet need (Carter et al., 2012; Shen and Seshan, 2016 ).
An important and still unresolved clinical question is the degree to which subclonal heterogeneity of a sensitizing genomic biomarker affects the likelihood of response. With modern analytic techniques, it is now possible to catalog the clonality of the individual genomic variants within a single sequenced site and incorporate evolutionary inference to identify the order in which they were acquired within ''molecular'' time. These analyses will provide unique insights into how tumors evolve and permit an additional dimension of genotype-to-response-phenotype correlation. Similarly, copy-number estimates made by most clinically implemented next-generation sequencing bioinformatic pipelines do not currently correct for tumor purity or provide estimates of allele-specific absolute copy number. An increasing body of evidence, however, suggests that high absolute copy number of gene amplifications, including MET and FGFR2, are necessary to condition response (D.R. Camidge et al., 2014; ASCO Annual Meeting abstract; Pearson et al., 2016) . As a result, standardized reporting of allele-specific absolute copy number will enhance the optimal genomic selection of patients when targeting oncogene amplifications.
Understanding the zygosity of genomic alterations involving tumor-suppressor genes may also be important for targeted therapies that exploit synthetic lethality. For instance, PARP inhibitors have shown efficacy in treating homologous recombination-deficient (HRD) tumors with deleterious germline BRCA1/2 mutations. One clinically important question is whether PARP inhibitors may also be effective in patients whose tumors harbor homologous recombination deficiency driven by somatic mutations. Preliminary data suggest that somatic alterations in key HRD genes may require biallelic inactivation to sensitize tumors to PARP inhibitors (Mateo et al., 2015) . Computational techniques capable of determining whether somatic truncating variants in HRD genes are accompanied by loss of heterozygosity of the remaining wild-type allele may therefore be necessary to optimally select patients for these therapies. Similarly, recent data demonstrate that biallelic loss of SMARCA4 (BRG1) and SMARCB1 (INI1) in rhabdoid carcinomas and epithelioid sarcomas, respectively, may be targetable with EZH2 inhibitors . Efforts are currently underway to extend this therapeutic strategy to a wider range of epigenetic modifiers, including BAP1 and ARID1A (Bitler et al., 2015; LaFave et al., 2015) .
DNA-based signatures are also emerging as an important tool with which to select targeted therapy. For example, several DNA-based gene signatures have been developed to detect the genomic instability associated with homologous recombination deficiency caused by inactivation of BRCA1, BRCA2, and potentially a variety of other related genes (Telli et al., 2016) . Demonstrating the potential value of this approach, a recent phase III study in ovarian cancer utilizing a DNA-based homologous recombination signature demonstrated that signature-positive patients treated with the PARP inhibitor niraparib versus placebo had a near tripling of their progression-free survival (12.9 versus 3.8 months) compared to signature-negative patients (Mirza et al., 2016) . These homologous recombination-deficiency signatures, also sometimes referred to as ''BRCA-ness'' or ''genome scar'' assays, also demonstrate how the field will begin to extend precision-oncology approaches into tumor types, such as prostate and pancreatic cancer, that otherwise do not harbor frequent actionable genomic variants.
Moving beyond DNA
Although DNA sequencing provides a wealth of information, genomic alterations are only one of several important biologic drivers of cancer. As a consequence, it is understood that DNA sequencing will not be sufficient to optimally select patients for all classes of targeted therapy. In the laboratory, highthroughput technologies, including RNA sequencing, genomewide DNA methylation profiling, microRNA profiling, and phosphoprotein arrays, have been extensively used to further improve our understanding of the biologic dependencies of cancer. Of these various technologies, the one that is closest to the clinic is RNA sequencing, also sometimes referred to as transcriptome sequencing. The incremental value of RNA sequencing in addition to existing DNA sequencing is two-fold. First, when compared to targeted or whole-exome DNA sequencing, RNA sequencing is better suited to detecting structural rearrangements resulting in fusion gene products. Along these lines, we have recently instituted in our center a ''cancer of unknown driver'' initiative whereby cancers for which prospective targeted DNA sequencing fails to identify a genomic driver are reflexed to targeted RNA sequencing with the goal of identifying cryptogenic kinase fusions. This approach has already identified novel and potentially actionable kinase fusions involving NTRK1/2/3, FGFR2/3, BRAF, NRG1, RET, ERBB2, and AKT1. Similar approaches have been adopted by some high-volume commercial laboratories in cancer types such as sarcomas and hematologic malignancies in which the diversity of potential gene fusions cannot be efficiency interrogated by targeted DNA-based methods . In addition to enhanced detecting sensitivity for structural rearrangements in the genome, RNA sequencing offers the ability to measure the transcription of both mutant and wild-type proteins. In breast cancer, earlier approaches to measuring gene-expression profiling are already being used to provide a more refined prognosis than that based on standard clinical risk factors alone and, in doing so, guide treatment decisions (Cardoso et al., 2016) . The understanding of the transcriptome at the point of care in each patient will provide an invaluable additional dimension of information, and we believe it is the next frontier for precision oncology. Pilot programs have already begun evaluating the feasibility of incorporating broader RNA sequencing into prospective precision-medicine programs (Roychowdhury et al., 2011) . The preliminary results have been encouraging but are limited by the quantity and type of tumor material required, as well as challenges associated with scaling this approach to larger patient volumes. Over time, we expect these technical, scientific, and financial obstacles to be solved, and we must begin to consider now how to begin to incorporate these technologies into the clinic.
Expanding Accessibility and Enrollment to PrecisionOncology Studies
The timely and efficient execution of precision-oncology studies, like those we detail here, represents a true engineering challenge on top of an already inefficient clinical-trials model. In fact, less than 5% of cancer patients are enrolled into clinical trials. Therefore, lack of execution represents a real threat that needs to be addressed. The components of this engineering problem include routine tumor sequencing as a central component of cancer care, the input and annotation of genomic findings into the medical records, and both patient and physician education. Furthermore, robust methods for connecting patients with rare actionable alterations to clinical trials targeting these genomic variants are needed. Within our own institution, we have developed a system that automatically identifies, tracks, and recruits patients with qualifying genomic alterations to the appropriate genome-driven study (Eubank et al., 2016) . This system has allowed treating physicians to rely on domain experts to interpret the actionability of individual genomic alterations and identify relevant and immediately available treatment opportunities for their patients. The broader field urgently needs a similar centralized genomic ''clearing house'' wherein the results of clinical genomic sequencing can be shared and matched in real time against the qualifying genomic alterations being targeted by individual studies nationwide. Unlike current static study registries such as ClinicalTrials.gov, such a system would ensure a privacy-compliant two-way exchange between patients and study sponsors who could indicate the specific genomic variants of interest and provide a path to enrollment for qualifying patients. Several groups, including the Global Alliance for Genomics and Health, are working to develop such a resource (Siu et al., 2016) .
Facilitating the identification of highly relevant and immediately available genomically matched studies is only the first step; patients must be able to readily access these studies. Geographical considerations remain an important barrier to study access. The current generation of precision-oncology studies are beginning to address this problem in a number of ways, from supporting patient travel to study centers to bringing the study to the patient once they are identified. These efforts have significantly improved access to genomically matched therapy studies in the community, where the majority of cancer patients continue to be treated. Access to genomically matched therapy has also been improved by the consolidation of precision-oncology trials into larger protocols that have alternatively been referred to as ''master,'' ''umbrella,'' or ''molecular allocation'' studies. These protocols generally offer multiple therapeutic options matched to the patient's individual tumor genome. Several of these studies, such as the iSpy2 (NCT01042379), Lung-MAP (NCT02154490), ALCHEMIST (NCT02194738), and BATTLE-2 (NCT01248247) trials, have explored genomically defined subtypes of specific cancers. Master protocols can also offer treatment across a variety of tumor types and, in this way, essentially become a collection of individual basket studies; these include NCI-MATCH (NCT02465060), MyPathway (NCT02091141), and the American Society of Clinical Oncology (ASCO) Targeted Agent and Profiling Utilization Registry (TAPUR) (NCT02693535). The most ambitious effort to date is the NCI-MATCH study, which is anticipated to have more than 30 unique treatment arms assigned primarily on the basis of genomic selection criteria. Unlike many related efforts, NCI-MATCH incorporates centralized high-multiplexed tumor genomic screening, with the plan to biopsy and sequence 6,000 patients. This feature has made NCI-MATCH particularly attractive to community oncologists who might otherwise not have access to high-quality tumor genetic screening.
Conclusion
This is a transformative time for cancer therapy. The feasibility of establishing the detailed molecular portraits of individual cancers, even at the point of care, is no longer the primary obstacle to progress. Similarly, new highly potent and selective purpose-built inhibitors are being developed at a time when our understanding of actionable mutations in cancer genomes is improving steadily, resulting in continuous erosion of the market share of what has been called the undruggable genome. What is most lacking, therefore, is the knowledge of how best to use these new and powerful tools that are already available to us. In short, we have an engineering problem. The strategies we propose here establish a framework to begin to address this critical knowledge and implementation gap. We cannot achieve the progress needed with conventional approaches. Rapid progress demands a new degree of collaboration and information exchange between basic and translational laboratory scientists and clinical investigators acting as equal partners. Evaluating the genomic hypotheses that emerge from this collaboration will require us to improve the efficiency with which we sequence patients, annotate results, identify accountable alterations, notify involved parties, enroll into relevant studies, and finally, interpret the outcome and iterate as necessary. If we do so, we will finally have the tools to make truly transformative insights into the basic biology of cancer and its treatment.
